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Final  Report:  Development  of  Novel  Magnetie  Metal  Oxide  Films  and  Carbon  Nanotube  Materials  for  Magnetie 
Deviee  Applieations 

ABSTRACT 

Earlier  wereport  the  successful  fabrication  of  out-of-plane  exchange  spring  in 
sputter  deposited  CoFe204/CoFe2/CoFe204  structures.  Synthesis  of  the  5  ferrimagnetic  hard 
layer  CoFe204  inoxygen-assisted  environment  contributed  to  the  much  larger  coercive 
field  in  cobalt  ferrite  thin  films.  These  results  obtained  in  sputter-deposited 
CoFe204/CoFe2  samples  are  consistent  with  earlier  work  done  on  samples  prepared  with 
PLD  (pulsed  laser  deposition).  Recoil  curvesmeasurements  done  on  samples  with 
10  improved  coercive  field  showed  much  reduced  energy  loss  indicating  higher  degree  of 
exchange  spring.  As  indicated  by  the  normalized  area  of  the  recoil  curve,  a  measure  of 
the  degree  of  exchange  spring,  we  observe  that  our  systems  begin  to  nucleate  before  the 
field  of  irreversible  switching,  Hirr  is  reached.  This  suggests,  especiallyfor  in-plane 
configuration,most  of  the  moments  of  the  soft  magnetic  layer  are  recovering  their  original 
15  orientation.  Thedecreasein  the  moment  during  recoil  measurement  can  be  reduced  by 
introducing  a  preferred  orientation  for  the  moments  in  the  soft  magnetic  layer. 

Preliminary  results  show  that  by  applying  magnetic  field  during  deposition  and  annealing, 
we  can  induce  magnetic  anisotropy  and  enhance  the  coupling  between  the  soft  and  hard 
magnetic  layers  improving  the  exchange  spring.  We  would  also  like  to  report  on  low 
20  temperature  magnetization  and  torque  studies  on  out  tri-layered  Spin  Spring  Films. 

In  order  to  enhance  the  observed  spin  effect,  we  extended  the  spin  spring 
investigation  to  include  multiple  tri  layers  of  CoFe204/CoFe2/CoFe204  structures, 
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However,  these  studies  have  been  significantly  delayed  because  of  the  amount  of  time 
required  to  deposit  just  two  CoFe204/CoFe2/CoFe204structures  without  breaking  the 
vacuum  by  a  combination  of  magnetron  sputtering  for  the  cobalt  iron  25  (metal)  and  the 
inordinate  amount  of  time  required  to  RF  sputter  the  cobalt-ferrite.  We  have  chosen  to 
take  a  new  approach.  The  new  approach  entails  using  our  UHV  Pulsed  Laser  Deposition 
System  to  deposit  the  cobalt  ferrite  and  modify  the  system  to  accommodate  a  magnetron 
attach  sputtering  gun  to  deposit  the  cobalt  iron.  This  modification  cost  around  $50,000. 

30  Recently  we  received  all  of  the  pieces  to  modify  the  system  and  making  the  installations 
in  spite  of  the  absence  of  addition  funding  from  this  grant. 

During  the  interim  we  pursued  the  proposed  nanowire  studies  on  nanowire  of  Fe/NWCNTS/Si02 
and  nano  films  of  Fe  on  MgO.  From  these  studies  we  learned  that  nano  wires  of  Fe  grown  in 
the  lumens  of  multi-walled  carbon  nanotubes  (MWCNTs)  required  four  times  higher 
35  magnetic  field  strength  to  reach  saturation  compared  to  planar  Fe  nanometric  thin  films 
of  Fe  on  MgO(lOO).  Nanowires  of  Fe  and  nanometric  films  of  Fe  both  exhibited  two  fold 
magnetic  symmetries.  Structural  and  magnetic  properties  of  ID  nanowires  and  2D 
nanometric  films  were  studied  by  several  magnetometery  techniques.  The  ?-2?  x-ray 
diffraction  measurements  showed  that  a  secondary  (200)  peak  of  Fe  appeared  on  thin  film 
40  samples  deposited  at  higher  substrate  temperatures.  In  these  samples  prepared  at  higher 
temperatures  lower  coercive  field  and  highly  pronounced  two-fold  magnetic  symmetry 
were  observed. 
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1  Abstract 

Earlier  wereport  the  successful  fabrication  of  out-of-plane  exchange  spring  in 
5  sputter  deposited  CoFe204/CoFe2/CoFe204  structures.  Synthesis  of  the  ferrimagnetic  hard 
layer  CoFe204  inoxygen-assisted  environment  contributed  to  the  much  larger  coercive 
field  in  cobalt  ferrite  thin  films.  These  results  obtained  in  sputter-deposited 
CoFe204/CoFe2  samples  are  consistent  with  earlier  work  done  on  samples  prepared  with 
PFD  (pulsed  laser  deposition).  Recoil  curvesmeasurements  done  on  samples  with 
10  improved  coercive  field  showed  much  reduced  energy  loss  indicating  higher  degree  of 
exchange  spring.  As  indicated  by  the  normalized  area  of  the  recoil  curve,  a  measure  of 
the  degree  of  exchange  spring,  we  observe  that  our  systems  begin  to  nucleate  before  the 
field  of  irreversible  switching,  Hi^  is  reached.  This  suggests,  especiallyfor  in-plane 
configuration,most  of  the  moments  of  the  soft  magnetic  layer  are  recovering  their  original 
15  orientation.  Thedecreasein  the  moment  during  recoil  measurement  can  be  reduced  by 
introducing  a  preferred  orientation  for  the  moments  in  the  soft  magnetic  layer. 
Preliminary  results  show  that  by  applying  magnetic  field  during  deposition  and  annealing, 
we  can  induce  magnetic  anisotropy  and  enhance  the  coupling  between  the  soft  and  hard 
magnetic  layers  improving  the  exchange  spring.  We  would  also  like  to  report  on  low 
20  temperature  magnetization  and  torque  studies  on  out  tri-layered  Spin  Spring  Films. 

In  order  to  enhance  the  observed  spin  effect,  we  extended  the  spin  spring 
investigation  to  include  multiple  tri  layers  of  CoFe204/CoFe2/CoFe204  structures. 
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However,  these  studies  have  been  significantly  delayed  because  of  the  amount  of  time 
required  to  deposit  just  two  CoFe204/CoFe2/CoFe204Structures  without  breaking  the 
25  vacuum  by  a  combination  of  magnetron  sputtering  for  the  cobalt  iron  (metal)  and  the 
inordinate  amount  of  time  required  to  RF  sputter  the  cobalt-ferrite.  We  have  chosen  to 
take  a  new  approach.  The  new  approach  entails  using  our  UHV  Pulsed  Laser  Deposition 
System  to  deposit  the  cobalt  ferrite  and  modify  the  system  to  accommodate  a  magnetron 
attach  sputtering  gun  to  deposit  the  cobalt  iron.  This  modification  cost  around  $50,000. 
30  Recently  we  received  all  of  the  pieces  to  modify  the  system  and  making  the  installations 
in  spite  of  the  absence  of  addition  funding  from  this  grant. 

During  the  interim  we  pursued  the  proposed  nanowire  studies  on  nanowire  of  Fe/NWCNTS/Si02 
and  nano  films  of  Fe  on  MgO.  From  these  studies  we  learned  that  nano  wires  of  Fe  grown  in 
the  lumens  of  multi- walled  carbon  nanotubes  (MWCNTs)  required  four  times  higher 
35  magnetic  field  strength  to  reach  saturation  compared  to  planar  Fe  nanometric  thin  films 
of  Fe  on  MgO(lOO).  Nanowires  of  Fe  and  nanometric  films  of  Fe  both  exhibited  two  fold 
magnetic  symmetries.  Structural  and  magnetic  properties  of  ID  nanowires  and  2D 
nanometric  films  were  studied  by  several  magnetometery  techniques.  The  0-20  x-ray 
diffraction  measurements  showed  that  a  secondary  (200)  peak  of  Fe  appeared  on  thin  film 
40  samples  deposited  at  higher  substrate  temperatures.  In  these  samples  prepared  at  higher 
temperatures  lower  coercive  field  and  highly  pronounced  two-fold  magnetic  symmetry 
were  observed. 

Keywords:  Coercivity,  Nanowire,  Exchange  Spring,  Spin  Spring 
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3  Scientific  and  technical  progress 

3. 1  Spin  Spring  Discussion 

With  uniquely  high  moment,  the  family  of  insulating  ferrites  has  renewed  interest 
in  complex  oxides  for  numerous  applications  that  take  advantage  of  both  charge  and  spin 
55  degree  of  freedom.  With  its  high  Curie  temperature  of  793  K  [1],  CoFe204  (CFO)  has 
made  room  temperature  spin  filters  that  utilize  spin  tunneling  possible.  This  has  immense 
implications  to  the  density  and  capacity  of  tunneling  magnetoresistance  (TMR)  based 
systems.  Advances  in  fabrication  and  characterization  techniques  have  made  this  material 
accessible  for  both  application  and  pure  scientific  investigation  of  new  phenomena. 

60  Previously,  the  application  of  CFO  was  mainly  limited  toa  pinning  layer  in  spin 

valves  and  other  application.  Now,  it  is  been  purposed  for  other  functions  in  addition  to 
spin  filtering.  One  such  purpose  is  exchange  spring  systemsdue  to  its  high  coercive  field. 
As  Kneller  and  Hawig  proposed  [2],  by  interspersing  hard  and  soft  magnetic  materials, 
both  the  coercive  field  and  remnant  magnetization  of  multilayer  hetrostructure  can  be 
65  engineered  for  specific  purposes.  It  has  been  found  that  the  magnetic  properties  of  CFO 
are  sensitive  to  the  growth  conditions  making  it  an  ideal  model  system. 

In  this  study,  we  chose  CoFci  as  the  soft  magnetic  layer  because  it  has  one  of  the 
highest  remnant  magnetic  moment  and  it  is  of  the  same  species  as  CFO  (CoFe204).The 
choice  of  CoFe2  eliminates  complications  that  often  arise  in  structures  comprised  of 
70  different  species,  due  to  interdiffusion  of  different  species  from  one  layer  to  the  other  at 
the  interfacedecreasing  the  overall  performance  of  the  entire  structure.  The  choice  of  this 
combination  of  CFO  and  CoFe2  is  designed  to  minimize  the  effect  of  inter-diffusion. 

The  two  important  metrics  that  determine  the  degree  of  exchange  spring  are 
coercive  field  (He)  and  the  remnant  magnetization  (M^).  The  hard  and  soft  magnetic 
75  layers  are  selected  because  of  their  contribution  to  He  and  Mr,  respective.  In  this  part  of 
the  study,  our  focus  was  on  improving  the  coercive  field  of  the  CFO  so  as  to  enhance  the 
exchange  spring  of  the  CoFe2  and  CFO  system.To  obtainoptimum  operating  parameters 
for  our  sputtering  deposition  system,  we  systematically  explored  the  important 
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parameters  that  affect  the  quality  and  magnetic  properties  of  the  deposited  CFO  film 
80  through  several  iterations  where  all  but  one  parameter  are  kept  constant.  During  a  given 
iteration,  a  selected  parameter  is  systematically  varied  and  its  impact  on  the  magnetic 
properties  of  the  sample  carefully  examined.  These  parameters  include  substrate 
temperature,  deposition  pressure,RF  source’s  power,  and  ratio  of  Ar  to  O2. 

3.1.1  Experimental 

85  The  first  structure  we  examined  was  a  basic  bilayer  system  composed  of  a  thin 

film  ofCoFe204  as  the  hard  magnetic  layer  and  CoFe2  as  the  soft  magnetic  layer.  The  200 

0 

A  of  soft  magnetic  layer  was  deposited  using  DC  magnetron  source  from  a  2  inch 
diameter  and  1/16  inch  thick  CoFe2  target  at  deposition  rate  of  0.5  A/sec.  Thinner  targets 
are  preferred  because  the  strong  magnetic  field  generated  by  the  thicker  targetstends  to 
90  shunt  the  plasma  containing  field  of  the  sputtering  source.  In  the  instances  where  oxygen 
gas  was  introduced  to  the  chamber,  the  CoFe2  source  is  flushed  by  running  it  with  higher 
Ar  pressure  (25  mTorr).  Then  before  opening  the  shutter  to  begin  deposition  of  CoFe2, 
the  pressure  is  lowered  to  5  mTorr  and  the  chamber  is  purged  for  about  6  to  14  minutes  to 
ensure  the  metallic  layer  is  deposited  in  oxygen  free  environment. 

0 

95  For  depositing  the  1000  A  thick  CoFe204  layer  from  the  RF  source,  the  optimal 

0 

settingswere  120  W  at  5  mTorr  and  4.2  seem  of  Ar  yielding  deposition  rate  of  4A/min. 
Such  slower  deposition  rates  are  common  in  complex  insulating  oxides  with  high  heat  of 
formation.Raising  the  power  to  increase  the  deposition  rate  resulted  in  overheating  the 
source.  The  gain  obtained  in  the  deposition  rate  was,  however,  significantly  diminished 
100  when  the  power  was  increased  beyond  160  W.  A  much  preferred  alternative  approach  is 
decreasing  the  Ar  partial  pressure  in  the  chamber  [3].  Decreasing  the  pressure  below  2 
mTorr  was  beyond  the  mass  flow  regulator’ srange,  which  in  turn  affected  the  plasma’s 
stability  in  the  chamber.  Thus, the  gain  achieved  may  be  at  the  expense  of  the  consistency 
of  the  deposited  film. 

105  The  impact  of  introducing  oxygen  gas  in  the  chamber  on  the  coercive  field  was 

substantial  and  striking.  Adding  oxygen  during  depositionnearly  doubled  the  coercive 

0 

field  of  the  2000  A  CoFe204  layer.  This  approach  of  adding  oxygen  is  common  practice 
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Fig.l  :  Room  temperature  hysteresis  loops  at  different  oxygen  concentration.  For  both  in¬ 
plane  and  out  of  plane  configurations,  the  ratio  of  7:1  yielded  the  largest  increase  in 
coercivity 

[3,  4];  what  makes  this  result  remarkable  is  the  degree  to  which  it  enhanced  the  coercive 
field  from  2.2  to  3.1kOe  for  in-plane  and  from  2.9  to  4.9  kOe  for  out-of-plane 
110  orientations.  Lee  and  colleagues  [7]  reported  out-of-plane  coercive  field  of  CFO 
deposited  at  400°C  was  1.5  kOe  and  it  went  up  to  3.9  kOe  after  annealing  at  500°C. 
Zhou  et.al.  also  reported  coercive  field  values  of  1.8  to  2.0  kOe  for  their  PLD  deposited 
samples  [5].  Similarly,  Reghunathan  et  al.  also  reported  coercivity  of  about  2.0  kOe[6]. 
We  found  that  adding  of  oxygen  during  the  deposition  was  far  more  consequential  than 
1 15  substrate  temperature,  annealing  temperature  or  annealing  period  [7,  8]. 

Shown  in  Fig.l  are  the  in-plane  and  out-of-plane  room  temperature  hysteresis 
loops  of  samples  prepared  with  7:0,  7:1,  7:2  and  7:3  Ar-to-02  ratios.  The  7:1  ratio  of  Ar- 
to-02resulted  in  higher  coercive  field,  compared  to  the  no  oxygen  or  over-abundance  of 
oxygen.  As  can  be  inferred  from  the  graphs,  over-abundance  of  oxygen  diminishes  the 
120  coercive  field  of  the  hard  magnetic  layermore  than  the  deficiency  of  O2.  As  shown  in 
Fig.l,  adding  oxygen  at  the  optimal  ration  of  7-to-l  resulted  in  an  enhanced  coercive 
field.  The  supplemental  oxygen  gas  replenishes  the  oxygen  that  may  have  dissociated 
from  the  target  and  escaped  because  oxygen  is  a  lighter  element.  This  in  turn  improved 
exchange  spring  response  in  the  trilayer. 

125  The  exchange  spring  response  of  a  given  system  is  measured  using  the 

measurement  scheme  outlined  below.  A  typical  recoil  curve  is  shown  in  Fig.  2  of  a 
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Fig.  2  : Recoil  curve  measurement  and  recoil  curve  area 

0 

trilayer  comprised  of  a  200  A  CoFe2,  a  soft  ferromagnetic  material  sandwiched  by  two 

0 

1000  A  CFOthick  hard  magnetic  layer.  The  saturation  field  position,  point  S  in  Fig.  2, 
marks  the  field  value  at  which  all  the  moments  are  aligned  in  one  direction  by  applying  a 
130  sufficiently  strong  magnetic  field,  whereas  point  R  (recoil  position)  marks  the  field  at 
which  the  external  applied  magnetic  field  is  reversed  and  swept  back  to  point  S.  Initially, 
as  the  field  is  changed  from  point  S  to  point  R,  the  magnetization  follows  the  path 
defined  by  the  major  hysteresis  loop  (solid  red  line  in  Fig.  2).  For  an  ideal  system,  in  the 
return  path  (from  point  R  back  to  point  S),  the  magnetization  retraces  the  initial  path 
135  (from  point  S  to  point  R)  displaying  a  perfect  unwinding  of  the  spring. 

A  deviation  from  in  the  return  path  indicates  a  loss  in  the  energy  due  to  relaxation 
of  the  moments  from  their  initial  orientation.  The  loss  in  energy  during  recoil  curve 
measurement  can  be  determined  by  calculating  the  area  under  the  curve.  Dividing  the 
area  of  the  recoil  curve  by  total  energy  of  the  system,  represented  by  the  maximum 
140  energy  product  (BHmax)  hysteresis  loop,  gives  the  normalized  recoil  area.  This 
normalized  recoil  area  gives  the  fraction  of  the  moments  that  relaxed  and  did  not 
maintain  their  orientation  andthus  provides  a  direct  measure  of  the  degree  of  exchange 
spring  of  the  system. 

In  our  CFO/CoFe2  bilayer  samples,  we  observed  the  two  phase  system  that 
145  typifies  the  weakly  exchange  coupled  layers  [9].  To  enhance  the  coupling  and  improve 
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the  exchange  spring  effect,  a  third  CFO  layer  was  added  on  top  of  the  soft  layer  to  take 
advantage  of  the  available  surface  where  the  CoFe2  layer  can  be  exchange  coupled  to 
another  hard  magnetic  layer.  This  top  CFO  layer  also  serves  to  reduce  further  oxidation 
of  the  metallic  soft  layer.  Sandwiching  the  soft  magnetic  layer  between  two  hard 
150  magnetic  layers  from  both  sides  provides  more  interfacial  contact  strengthening  the 
exchange  spring  effect  [2] . 

3.1.2  Results  and  Discussion 

Therecoil  curves  and  the  normalized  area  of  a  CoFe204/CoFe2/CoFe204  trilayer 
deposited  on  silicon  at  400°C  with  7-to-l  Ar  to  O2  ratio  is  shown  in  Fig.  3.  As  the  recoil 
155  field  exceeds  the  irreversible  field  value  (Hirr),  the  exchange  spring  response  is  lost  due  to 
total  switching  of  the  hard  layer.  This  critical  field  of  irreversible  response  may  occur 
before  or  after  the  coercive  field  for  the  given  system. 

Recoil  curves  and  the  fraction  of  normalized  recoil  curve  areas  are  shown  in  the 
figure  below  (Fig.  3)  for  different  recoil  field  settings.  We  find  that  recoil  curve  done  in 
160  the  out-of-plane  orientation  show  higher  degree  of  exchange  spring  as  indicated  by  the 
smaller  normalized  recoil  curve  areas.  For  instance,  at  the  recoil  field  value  of  -2.6  kOe, 
the  fraction  of  normalized  area  is  smaller  in  the  out-of-plane  configuration  than  that  of 
the  in-plane.  The  enhanced  coercive  field  in  out-of-plane  orientation  is  responsible  for 


Fig.  3  :  Normalized  recoil  curves  at  0  degree  (in-plane)  and  90  degree  (out-of-plane). 
Reduced  normalized  recoil  area  in  the  out-of-plane  curves  is  due  to  the  higher  out-of- 
plane  coercive  field  in  the  CFO  layer. 
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this  improvement.  Even  for  a  much  higher  recoil  field  value  of  -3.2  kOe,  the  fraction  of 
165  normalized  area  in  out-of-plane  orientation  is  much  less  than  that  of  the  in-plane 
orientation.  This  is  in  good  agreement  with  the  angle  dependent  measurements  where  the 
out-of-plane  measurement  show  higher  exchange  spring,  perhaps  because  that  is  the 
preferred  direction  of  the  moments  induced  by  the  soft  magnetic  layer’s  preferred 
direction. 

170  It  has  been  reported  that  the  degree  of  exchange  spring  may  be  system  dependent. 

For  instance,  in  Ref.  [9]  it  was  reported  the  existence  unavoidable  hysteretic  recoil  curve 
for  Co  based  system  that  can  not  be  reduced,  even  though  the  field  of  irreversible  switch, 
Hirr,  is  well  past  the  coercive  field.  Our  work,  however,  shows  that  indeed  that  area  can 
be  reduced. 

175  One  way  to  reduce  the  energy  loss  in  the  recoil  curve  is  to  introduce  anisotropy,  a 

preferred  direction  magnetic  orientation  by  applying  magnetic  field  during  the  deposition. 
With  its  water  cooled  magnet,  our  deposition  system  is  uniquely  equipped  to  provide  the 
magnetic  field  during  deposition  needed  to  introduce  this  preferred  direction.  The 
approach  we  took  was  to  apply  magnetic  field  to  the  soft  magnetic  layer  during 
180  deposition.  The  coercive  field  of  the  soft  layer  (Hc<100  Oe  at  room  temperature)  is  well 
within  the  field  range  accessible  in  our  deposition  system.  To  further  enhance  the 
introduced  ordering  and  preferred  direction,  the  field  was  maintained  during  cool  down 
from  400°C  to  room  temperature. 

During  typical  deposition  sessions,  the  substrates  are  rotated  in  order  to  achieve 
185  uniformity  in  the  sputter  deposited  films  by  reducing  shadow  effect  due  to  geometry  and 
orientation  of  the  source.  However,  to  apply  magnetic  field  so  as  to  introduce  ordering, 
the  sample  holder  must  not  be  rotated.  In  our  system,  to  preserve  uniformity  while 
introducingpreferred  orientation,  the  first  half  of  the  soft  magnetic  layer  was  deposited 
with  applied  field  in  one  direction  and  the  other  half  was  deposited  with  the  field  reversed 
190  by  180°. 

Fig.  4  shows  in-plane  and  out-of-plane  exchange  spring  measurements  on 
CFO/CoFe2/CFO  trilayer  deposited.  In  this  particular  sample,  the  soft  magnetic  layer, 
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Fig.  4:Recoil  curves  of  CoFe204/CoFe2/CoFe204trilayer  where  the  CoFe2layer  was  deposited 
in  applied  field. 

CoFe2,  was  deposited  in  an  applied  magnetic  field.  This  trilayer  will  be  referred  to  as  in¬ 
field  and  the  trilayer  with  CoFeideposited  with  no  applied  field  will  be  referred  to  as  no¬ 
field.  The  first  thing  we  observe  is  the  consistency  of  the  coercive  field  in  both  in  case 
with  no-field  trilayer  (Fig.  3)  and  in-applied  trilayer  (Fig.  4)  at  2.6  kOe  and  4.2  kOe  for 
in-plane  and  out-of-plane  directions,  respectively.  Moreover,  in  both  cases,  when  the 
recoil  field  is  greater  than  the  coercive  field,  a  substantial  increase  in  the  normalized 
recoil  area  is  observed.  This  increase  shows  that  the  point  of  irreversible  switching  (Hiit) 
was  crossed. 

A  closer  examination  of  the  curves,  however,  reveals  the  impact  of  the  applied 
field  during  the  deposition  of  the  soft  magnetic  layer.  Comparison  of  the  curves  reveals 
distinct  recoil  characteristics  between  the  no-field  trilayer  and  the  in-field  trilayer.  In  the 
case  of  the  no-field  trilayer,  the  signature  of  two-phase  system  is  evident.  This  is  marked 
by  the  initial  switch  in  the  magnetization  followed  by  a  sharp  rise  in  the  return  path  from 
Hrec-  This  indicates  a  weak  coupling  between  the  soft  and  hard  magnetic  layer.  In  the 
case  of  the  in-field  trilayer,  there  is  no  trace  of  separate  switching.  Moreover,  even  at  a 
higher  recoil  field  value  of  -2.2  kOe,  the  normalized  recoil  area  for  the  trilayer  with 
CoFeideposited  in  applied  field  (Fig.  4:  Left),  with  4.2%  is  smaller  than  4.6%  of  the  no¬ 
field  trilayer  at  Hrec  of  -2.1  kOe  (Fig.  3:  Left). 
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Fig.  5  :Torque  magnetometry  for  CoFe2film  deposited  on  amorphous  glass  substrate  with 
applied  field  and  with  no  applied  field.  An  in-plane  uniaxial  anisotropy  is  induced 
in  the  CoFe2  due  to  the  applied  field. 

In  the  case  of  out-of-plane  direction,  the  difference  is  more  remarkable.  At  Hrec  of 
-2.9  for  in-field  trilayer,  the  normalized  recoil  area  is  3.2  %  (Fig.  4:  Right)  to  that  of  3.8% 
at  Hrec  of  -2.6  kOe  (Fig.  3:  Right).  This  difference  is,  however,  dwarfed  close  to  the 
coercive  field  values.  For  the  no-field  trilayer,  at  Hrec  of  -4.1%,  the  normalized  recoil 
215  area  is  23.8%,  whereas  for  the  in-field  trilayer,  with  12.1%  it  is  half  of  that  of  the  no-field 
trilayer  at  -4.2  kOe  value  of  recoil  field. 

To  explore  the  impact  of  the  in-field  deposition  of  the  soft  magnetic  layer 
followed  by  in-field  cooling  trilayer  structure,  we  performed  the  measurements  listed 
below.  A  thick  layer  of  CoFe2,  the  soft  magnetic  layer  was  in-field  deposited.  To  rule  out 
220  contribution  from  the  substrate,  we  chose  an  amorphous  substrate,  glass.  The  first 
measurement  was  done  with  on  a  250  nm  thick  CoFe2  layer  deposited  with  no  applied 
magnetic  field.  As  expected,  angle-dependent  hysteresis  measurements  showed  no 
anisotropy.  This  was  also  confirmed  by  torque  magnetometry  measurements  done  at  1.9 
T  (see  Fig.  5:  bottom).  For  the  CoFe2  deposited  in  an  applied  field,  however,  we  observed 
225  angle  dependence  in  the  hysteresis  loops.  This  result  was  confirmed  by  torque 
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magnetometry  measurement  shown  in  Fig.  5:  Top.  The  result  shows  the  induced  uniaxial 
anisotropy  in  the  soft  magnetic  layer  deposited  in  an  amorphous  substrate. 

As  the  result  indicates,  the  cumulative  contribution  of  the  improvements  in  the 
coercive  field  and  the  induced  anisotropy  in  the  soft  magnetic  layer  enhanced  the 
230  exchange  spring  in  the  CFO/CoFei/CFO  trilayers  we  are  expanding  our  studies  to  include 
multiple  trilayers.To  this  end  we  have  started  the  modification  of  our  UHV  Pulsed  Laser 
Deposition  system  to  facilitate  the  sputtering  of  CoFe2.  Previously,  we  sputtered  the 
CFO/CoFe2/CFO  trilayers  however  because  of  the  inordinate  time  required  to  sputter  the 
cobalt  ferrite  (five  hours  per  layer),  we  decided  to  use  the  modified  UHV  Pulsed  Laser 
235  Deposition  system  for  the  deposition  of  the  multiple  tri  layered  structures.  We  recently 
received  instrumentation  for  the  modification  and  should  be  commencing  the  work 
shortly. 

3.1.3  REPORT  ON  LOW  TEMPERATURE  STUDIES 

3.1.4  REPORT  ON  THE  IMPACT  OF  NEW  INSTRUMENTATION 

240  3.1.5  Summary 

We  report  exchange  spring  in  sputter  deposited  trilayers  of 
CoFe204/CoFe2/CoFe204.  Depositing  the  ferrimagnetic  hard  layer  CFO  in  the  presence  of 
oxygen  enhanced  coercive  field.  We  found  the  ratio  of  7:1  of  Ar  to  oxygen  yielded  the 
highest  coercive  field,  whereas  overabundance  of  oxygen  during  deposition  had  an 
245  adverse  effect.Using  recoil  curve  measurements,  we  showed  that  the  improvement  in  the 
coercive  field  of  the  trilayer  resulted  in  a  pronounced  exchange  spring  effect.  As 
indicated  by  the  analysis  methodology  we  developed  to  quantify  the  degree  of  exchange 
spring,  doubling  the  coercive  field  (from  2.6  to  4.1  kOe),  reduced  the  recoil  energy  loss 
(from  4.6  to  3.8)  in  exchange  spring  by  20%.  We  also  show  that  the  energy  loss  in  the 
250  exchange  spring  can  be  further  reduced  by  introducing  preferred  direction  for  the 
moments  of  the  soft  magnetic  layer.  By  depositing  the  soft  magnetic  layer  in  the  presence 
of  applied  magnetic  field,  we  were  able  to  further  reduce  the  energy  loss  by  about  17% 
(from  3.8  to  3.2  at  recoil  field  of  -2.9  kOe).  Our  results  show  that  applying  magnetic  field 
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during  deposition  and  annealing  induces  magnetic  anisotropy  and  enhances  the  coupling 
255  between  the  soft  and  hard  magnetic  layers  improving  the  exchange  spring. 
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3.2  Fe/NWCNTS/Si02  and  Nano  Films  of  Fe  on  MgO 
3.2.1  Introduction 

Nanowires  of  Fe  were  grown  using  magnetron  DC  sputtering  in  the  lumens  of 
carbon  nanotubes  vertically  grown  on  Si02substrate.  Nanometric  films  of  Fe  on 
285  MgO(lOO)  were  synthesized  at  several  deposition  temperatures  using  magnetron  DC 
sputtering.  All  samples  were  capped  with  Cu  at  room  temperature  without  breaking 
vacuum  to  deter  oxidation.  Samples  were  studied  using  x-ray  diffraction,  vibrating 
sample  magnetometer  (VSM),  torque  magnetometer  (TMM),  and  magneto-optic  Kerr 
effect  (MOKE).  The  system,  Fe/MgO(100),  despite  its  simplicity  is  family  of  systems 
290  that  reveal  unique  properties  with  attractive  effects  for  technological  applications,  such  as 
giant  and  tunneling  magneto-resistance  [1-  5]  as  well  as  antiferromagnetic  [6],  oscillatory 
[7],  and  biquadratic  exchange  [8]  couplings.  Nanometric  ultrathin  films  exhibit  an  out-of¬ 
plane  uniaxial  surface  anisotropy  sufficient  to  overcome  demagnetizing  field  [1].  This 
feature  is  important  for  higher  density  magnetic  media.  This  system  in  addition  to  its 
295  enormous  potential  for  technological  applications  it  is  an  attractive  research  object  in 
nanomagnetism  [9].  The  substrate  MgO  is  an  ideal  substrate  to  grow  quasi  free  standing 
metal  structures  on  which  effects  of  reduced  dimensionality  of  metal  can  be  studied 
because  of  the  very  weak  interaction  between  Fe  and  MgO  predicted  theoretically  by  full- 
potential  linearized  augmented-plane-wave-total-energy  method  [10]  and  demonstrated 
300  experimentally  by  x-ray  photoelectron  spectroscopy  (XPS)  and  x-ray  absorption 
spectroscopy  (XAS)  showing  the  interface  between  Fe(OOl)  and  MgO(lOO)  to  be  stable 
for  temperatures  up  to  670  K  [1 1]. 

The  importance  of  Fe/MgO  system  is  also  demonstrated  by  the  several 
experimental  and  theoretical  studies  on  Fe/MgO  (100)  nanometric  films  [10  -  25].  Ab- 
305  initio  calculations  yielded  optimistic  TMR  ratio  in  excess  of  100%  [12]  for  Fe/MgO/Fe. 
XAS  and  photoemission  experiments  observed  changes  in  3d  band  due  to  evolution  of  Fe 
local  atoms  coordination  from  a  bulk-line  situation  to  a  configuration  where  low 
dimensionality  effects  are  significant  [13].  Salvador  et  al  [14]  showed  that  for  uncapped 
nanometric  ultra  thin  films  of  Fe,  the  magneto-crystalline  anisotropy  of  the  films 
310  increased  with  deposition  temperature  indicating  improved  crystalline  structures.  Further 
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was  shown  the  saturation  value  of  the  magneto-crystalline  anisotropy  (550  Oe 
corresponding  to  bulk  Fe)  was  reached  at  a  deposition  temperature  of  300  °C.  Our  study 
on  nanometric  ultra  thin  films  of  Fe/MgO(100)  also  showed  saturation  magnetization  was 
a  maximum  at  deposition  temperature  of  200  °C.  Maximum  coercive  field  occurred  at 
315  100  °C,  Figure  2a,  indicative  of  higher  magneto-crystalline  anisotropy.  The  coercive  field 

showed  a  large  decrease  at  deposition  temperatures  of  200  °C  and  300  °C.  This 
corresponds  with  the  appearance  of  secondary  Fe  (200)  peak  at  0  =  65°  in  the  XRD  for 
samples  deposited  at  these  two  high  temperatures.  The  primary  peak  Fe  (200)  peak  for  all 
planar  film  samples  occurred  at  0  =  44.5°,  Fig.  1. 

320  Density  functional  calculations  have  shown,  application  of  electric  field  have 

significant  effect  on  the  interface  magneto-crystalline  anisotropy.  This  is  due  to  change  in 
relative  occupancy  of  3d-orbitals  of  Fe  atoms  on  Fe/MgO  interface.  This  suggests 
possible  application  of  Fe/MgO  systems  for  electrically  controlled  magnetic  data  storage, 
multi-ferroic  device  [15]. 

325  In  this  study  structural  and  magnetic  properties  of  nano-metric  Fe  thin  films  on 

MgO(lOO)  and  nano  wires  of  Fe  prepared  in  the  lumens  of  MWCNTs  using  magnetron 
DC-sputtering  were  studied  using  XRD,  VSM,  TMM,  and  MOKE  measurements. 
Magnetic  measurements  using  VSM  showed  that  samples  prepared  at  100  °C  exhibit  the 
highest  coercive  field  (He  =176  Oe)  while  samples  prepared  at  50  °C  show  high  remnant 
330  magnetization  (Mr=119  emu/g)  and  samples  prepared  at  200  °C  show  the  highest 
saturation  magnetization  (Ms=147  emu/g),  which  is  68%  the  saturation  field  of  bulk  Fe 
measured  by  absolutely  force  method  at  room  temperature  [20].  As  shown  in  Table  1  the 
three  parameters  extracted  from  a  B-H  loop  He,  Mr,  and  Ms  are  at  their  maximum  values 
at  different  substrate  growth  temperatures.  In  our  study  nanowires  of  Fe  capped  with  Cu 
335  in  the  lumens  of  MWCNTs  vertically  grown  on  SiOi  exhibited  an  enhanced  magnetic 
property  of  137  Oe  coercivity.  This  result  is  comparable  with  our  recent  result  of  single 
walled  carbon  nanotubes  coated  with  Fe203  nanoparticles  [26]  and  exceeds  that  of 
grapheme  coated  with  Fe203  nanoparticles  [27]. 
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3.2.2  Experiment 

340  Vertically  aligned  MWCNTs  were  filled  with  Fe  and  capped  with  Cu  in  this 

experiment  were  grown  using  a  thermal  CVD  method  [28]  on  Si02  substrate.  This 
method  involves  exposing  silica  structures  to  a  mixture  of  ferrocene  and  xylene  at  770  °C 
for  10  min.  The  furnace  is  pumped  down  to  -200  mTorr  in  argon  bleed  and  then  heated 
to  the  temperature  of  770  °C.  The  solution  of  ferrocene  dissolved  in  xylene  (~0.01g/ml)  is 
345  pre-heated  in  a  bubbler  to  175  “C  and  then  passed  through  the  tube  furnace.  The  furnace 
is  then  cooled  down  to  room  temperature.  The  open  ended  MWCNTs  tips  were  filled 
with  Fe  and  capped  with  Cu  using  DC  magnetron  sputtering  method  at  a  substrate 
temperature  of  100  °C.  Substrate  temperatur  CNTs  was  chosen  since  a  planar  sample 
grown  at  this  substrate  temperature  exhibited  the  highest  value  of  coercive  field  amongst 
350  all  planar  films  grown  at  several  other  substrate  temperatures  as  shown  in  Fig.  2(a). 

Nano-metric  thin  films  epitaxially  grown  on  MgO  (100)  substrate  (5mm  X  5mm 
X  50  pm)  (from  MTI  company)  using  magnetron  DC  sputtering  (AXXIS  tool  from  K.  J. 
Lesker  company)  at  several  temperatures.  All  substrates  were  degassed  at  350  °C  in 
vacuum  of  0.1  micro  Torr  for  1800  s  and  samples  were  pre  and  post  annealed  at  the 
355  deposition  temperatures  for  1800  S  in  vacuum. All  samples  were  capped  with  5  nm  of  Cu 
to  deter  oxidation  after  cooling  the  sample  down  to  20  °C.  The  source  substrate  distance 
was  kept  fixed  at  30  cm  and  the  substrate  waskept  at  45°  while,  being  rotated  at  a 
constant  rate  of  20  rpm  for  uniform  deposition.  With  these  condition  epitaxial  Fe  grow  on 
MgO  (100)  due  to  a  good  lattice  match  of  MgO  (a=4.213  A°)  and  Fe  (a=2.866  A°)  and 
360  weak  interface  interaction  [10,  11]  free  standing  Fe  is  formed.  The  45°  in-plane  rotation 
of  the  substrate  during  deposition  provides  the  growth  of  an  even  surface.  The  deposition 
rate  for  Fe  was  0.17nm/s,  as  calibrated  by  deposition  time  versus  thickness  measurements 
for  Fe  films  several  hundred  thick. 

XRD  measurements  were  carried  out  using  Rigaku  D/Max  Ultima  Ilinstrument: 
365  x-ray  of  40kV,  40  mA,  Cu  Ka,  div.  slit  of  1  deg,  div.  H.L.  slit  of  5  mm,  set.  slit  of  0.6 
mm,  rec.  slit  of  0.6  mm,  scan  speed  of  2.0  deg./min,  scan  mode  of  continuous,  sampling 
width  of  0.02,  and  geometry  0-20. 
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Fig.  2(a)  depicts  coercive  field  (He),  saturation  and  remnant  magnetization 
370  (Ms&Mr)  Vs  temperature  for  planar  Fe/MgO  films  as  well  as  nano-wire  of  Fe/MWCNTs. 
Fig.  2(b)  VSM  measurements  of  M  Vs  H  for  samples  synthesized  at  several  substrate 
temperatures.  In  Fig.  2(c)  and  Fig.  2(d)  M  Vs  H  loops  of  planar  film  and  wire  synthesized 
at  100  “C  substrate  temperature  at  several  angles  between  the  applied  field  and  normal  to 
the  surface. 

375  Fig.  3(a)  depicts  torque  magnetometer  measurements  at  an  applied  magnetic  field 

of  20  kOe  of  samples  synthesized  at  several  substrate  temperatures.  In  Fig.  3(b)  MOKE 
measurements  is  presented  in  polar  plots.  Hysteresis  loops  were  measured  using  MOKE 
in  longitudinal  configuration,  from  the  recoded  hysteresis  loop  the  coercive  fields  of 
samples  were  measured  as  a  function  of  angular  position  of  the  sample  relative  to  the 
380  applied  magnetic  field  direction,  Eig.  3b.The  operating  principles  of  MOKE  consist  of 
measuring  changes  in  polarization  of  light  reflected  from  magnetic  sample.  The  MOKE 
setup  consists  of  a  monochromatic  light  source  (HeNe  laser,  632  nm  wavelength  and  5 
mW  output  power),  polarizer,  analyzer,  photodiode,  electromagnet,  lock-in  amplifier, 
pre-amplifier  and  an  optical  chopper  or  photoelastic  modulator.  The  reflected  beam  from 
385  a  magnetic  sample  is  passed  through  a  secondpolarizer  which  is  the  analyzer  in  order  to 
select  the  component  of  the  E-field  perpendicular  to  the  plane  of  incidence.  This  will 
make  the  normalized  intensity  detected  proportional  to  the  component  of  the 
magnetization  of  the  sample  parallel  to  the  applied  magnetic  field. 

Eig.  3(c)  and  Eig.  3(d)  show  torque  magnetometer  measurements  of  planar  film  of 
390  Ee/MgO(100)  and  nano  wire  of  Ee/MWCNTs  synthesized  at  100  °C. 

3.2.3  Results  and  Discussions 

It  is  well  known  that  structural  property  is  important  in  magnetism  [1].  Eor  this 
reason  one  of  the  goals  of  this  study  is  to  correlate  the  structure  of  films  to  their  magnetic 
property.  The  structures  were  characterized  by  x-ray  diffraction  using  CuKa  radiation.  As 
395  shown  in  Eigure  1  XRD  indicates  that  an  extra  Ee(200)  peak  is  present  at  higher 
deposition  temperature  this  can  be  explained  qualitatively  as  follows,  an  Ee  atom 
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reaching  the  substrate  at  an  arbitrary  site  will  not  stay  at  that  site  for  deposition 
temperature  high  enough.  It  will  have  enough  thermal  energy  to  move  to  an  appropriate 
site  to  form  a  crystalline  structure.  Even  though  XRD  of  the  film  deposited  at  100  °C 
400  does  not  show  a  peak  at  Fe  (200),  it  possesses  a  maximum  coercive  field  as  shown  in 
Figure  2(a). 

On  the  other  hand  as  shown  in  Table  1  and  Fig  2(a)  the  remnant  and  saturation 
magnetizations  are  minima  at  growth  temperature  of  100  °C.  The  saturation 


T(°C) 

He  (Oe) 

Ms  (emu/g) 

Mr  (emu/g) 

S=  Mr/Ms 

50 

103 

132 

119 

0.906 

100 

176 

91.8 

76.4 

0.832 

200 

41.6 

147 

104 

0.707 

300 

8.30 

122 

94.6 

0.773 

Table  1:  Magnetization  values  of  Magnetization  values  of  Fe  grown  on  MgO(lOO)  by 
magnetron  DC  sputtering  at  several  deposition  temperatures.  Measurements  were 
taken  using  VSM  at  room  temnerature. 

magnetization,  Mg  has  a  maximum  value  for  films  deposited  at  200  °C  for  which  the 
405  coercive  field  is  a  minimum.  The  squareness  S=Mr/Ms  has  a  minimum  value  for  films 
grown  at  this  deposition  temperature.  This  variation  is  depicted  in  Figure  2(b)  where 


Angle 

Ho  (Oe) 

Ms  (emu/g) 

Mr  (emu/g) 

Film 

Nano-Wire 

Film 

Nano-Wire 

Film 

Nano-Wire 

0 

176 

137 

91.8 

38 

76.4 

27 

45 

243 

115 

57.9 

35 

46.2 

24 

90 

179 

59.8 

13.2 

28 

88.6 

19 

Table  2:  Magnetization  values  of  Fe/MgO(100)  film  and  Fe/MWCNTs/Si02  nano-wires 
deposited  at  lOOo  C  by  magnetron  DC  sputtering  at  several  angles  between  the 
annlied  magnetic  field  and  the  surface  normal.  Measurements  were  taken  using 

hysteresis  loops  for  the  various  Fe/MgO(100)  film  prepared  at  several  deposition 
temperatures  measured  using  VSM  at  room  temperature.  For  the  sample  with  the  highest 
value  of  He,  Figure  2(c)  depicts,  hysteresis  loops  for  various  orientation  of  the  magnetic 
410  field  with  the  surface  normal  for  Fe  /  MgO(lOO)  film  prepared  at  100  °C  measured  using 
VSM  at  room  temperature.  The  in-plane  at  0°  between  the  applied  field  and  the  surface  of 
the  sample  and  the  out  of  plane  hysteresis  loops  are  similar  as  shown  in  Figure  2(c), 
indicating  that  the  easy  axis  is  in-plane  where  as  the  hard  axis  is  perpendicular  to  the 
sample’s  plane.  In  Table  2  values  of  He,  Mg,  and  Mr  for  Fe/MgO(100)  planar  film  and 
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415  wires  Fe/MWCNTs  deposited  at  100  °C  are  listed  as  shown  in  the  data  He  was  a 
maximum  at  45°  and  Mr  and  Mg  were  minimum. 

On  the  other  hand  Mr  and  Mg  were  at  their  maxima  and  He  at  its  minimum  at  0° 
and  at  out-of  plane  orientation.  This  is  another  indication  that  the  easy  magnetization  axis 
lie  in  plane  and  the  hard  axis  out  of  plane.  Seifu  et  al  [29]  showed  that  the  hysteresis  loop 
420  of  Fe-filled  MWCNTs  exhibits  an  anomalous  narrowing  of  the  loop  at  the  zero 
magnetization  axes.  Lopez-Urias,  et  al  [25]  reported  formation  of  helical  spin 
configurations  during  magnetization  of  ferromagnetic  nanowires  encapsulated  inside 
carbon  nanotubes. 

Maximum  coercive  field  of  176  Oe  was  observed  at  synthesis  temperature  of  100 
425  °C  for  films  and  137  Oe  for  nanowires,  a  maximum  remnant  magnetization  of  Mr=120.0 
emu/g  was  observed  at  50  °C,  a  maximum  saturation  magnetization  of  Ms=146.4  emu/g 
was  observed  at  200  °C,  and  the  squareness  defined  S=  M^Mg  was  80%  for  2D  films  and 
70%  for  ID  wire. 

MOKE  data  indicates  the  coercive  field  is  a  maximum  for  samples  with  growth 
430  temperature  of  100  °C  in  agreement  with  VSM.  The  magnetic  torque  curve,  Figure  3, 
indicates  pronounced  2  fold  magnetic  symmetry  at  higher  deposition  temperature.  The 
torque  curve  in  Figure  3(a)  for  sample  prepared  at  100  °C  shows  less  pronounced  two¬ 
fold  symmetry  compared  to  torque  curve  of  samples  prepared  at  higher  substrate 
temperatures.  In  Figure  3(c)  the  100  °C  sample  shows  comparatively  higher  pronounced 
435  at  20  kOe  than  at  lower  field  strengths  there  is  a  transition  between  1  kOe  and  5  kOe. 
Figure  3(c)  and  3(d)  depict  100  °C  synthesized  thin  film  and  nano-wire  at  several  applied 
fields.  Both  show  similar  trend  except  at  low  fields  the  loop  for  nano- wire  is  off  center. 
Figure  3(b)  depicts  that  the _ of  thin  films  surfaces  do  not  show  two-fold  symmetry. 

3.2.4  Conclusion 

440  In  conclusion  we  have  synthesized  Cu  capped  Fe/MgO(100)  nanometric  thin 

films  and  Cu  capped  nanowires  of  Fe  using  MWCNTs  as  templates.  Nanowires  were 
grown  at  an  optimized  condition  set  by  growing  planar  films  at  several  deposition 
temperatures  that  showed  the  best  magneto-crystalline  property.  Magnetic  measurements 
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showed  that  nanowires  exhibited  higher  anisotropy  requiring  higher  saturation  field 
445  compared  to  planar  thin  films  due  to  magnetic  shape  anisotropy  however,  similar 
magnetic  symmetry,  two-fold,  was  observed  in  nano-metric  films  and  wires.  The 
squareness  of  nanowires  is  by  10%  less  than  planar  nanometric  thin  films. 
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510 


FIG.  1:  XRD  patterns  of  Fe/MgO(100)  at  various  growth  temperatures.  The  insert  is  a  zoom  in  at 
the  Fe  Bragg  peak. 
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Figure  2.  (a)  Coercive  field  Vs  growth  temperature  of  Fe/MgO(100)  measured  with 
VSM.  Coercive  field  of  Fe/MWCNTs  nano-wires  synthesized  at  100  °C  indicated  by 
(b)  Magnetic  hysteresis  loops  for  Fe/MgO(100)  films  for  various  growth  temperatures  as 
measured  by  VSM  at  room  temperature.  All  loops  are  measured  out  of  plane  with  the 
applied  field  perpendicular  to  the  normal  vector  to  the  sample’s  surface  0=0°. 

(C)  Magnetic  hysteresis  loops  for  Fe/MgO(100)  film  prepared  at  100  °C  at  various  angles 
between  the  normal  vector  to  the  surface  and  the  applied  magnetic  field.  The  purple  loop 

is  for  out  of  plane  (OP)  measurement  0=0°. 

(d)  Magnetic  hysteresis  loops  for  Fe/MWCNT  wire  prepared  at  100  °C  at  various  angles 
between  the  normal  vector  to  the  sample’s  surface  and  the  applied  magnetic  field. 
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Figure  3.  (a)  Magnetic  torque  curves  of  Fe  /  MgO(lOO)  films  for  various  growth 
temperatures  at  room  temperature  measured  at  an  applied  field  of  20kOe. 

535  (b)  Magneto-optical  longitudinal  Kerr  loops  of  Fe  /  MgO(lOO)  films  for  various  growth 

temperatures  at  room  temperature. 

(c)  Magnetic  torque  curves  of  Fe  /  MgO(lOO)  films  at  growth  temperature  of  100 

measured  at  several  applied  fields  at  room  temperature  measured. 

(d)  Magnetic  torque  curves  of  Fe  /  MWCNTs  wires  at  growth  temperature  of  100  °C 

540  measured  at  several  applied  fields  at  room  temperature  measured. 

4  Student  Contributions 

A  number  of  students  worked  at  different  times  and  different  parts  of  the  project.  The 
students  were  Jaime  Arribas,  Dominic  Smith  and  Keion  Howard.  One  of  their  main  tasks 
545  was  to  assist  in  the  synthesis  of  multilayer  exchange  spring  samples  using  the  sputtering 
DCA-450  and  subsequent  characterization  of  the  samples.  In  order  to  perform  these  tasks 
safely,  the  students  were  trained  and  supervised.  For  their  work,  they  were  granted  access 
to  resources  available  in  the  labs  and  given  hands-on  training  on  all  equipments  and 
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discussions  on  safe  and  best  practices.  All  students  took  part  in  fabricating  and 
550  characterizing  exchange  spring  samples.  The  tasks  include  (1)  cutting,  cleaning  and 
mounting  substrates  for  deposition  in  the  DCA-450’s  load-lock  chamber;  (2)  fabricate  the 
sample  with  the  designed  composition  and  structure  under  the  specified  conditions;  (3) 
characterize  the  sample  following  fabrication  using  the  equipments  available  in  the  lab  be 
it  VSM,  torque  magnetometer  or  measure  its  thickness  using  the  Profilo-meter;  and  (4) 
555  analyze  the  data  which  in  turn  lead  to  further  measurements.  As  they  gained  experience 
and  understanding  of  the  process,  the  students  actively  participated  in  the  design  and 
analysis  of  the  next  set  of  experiments. 

In  addition  to  the  above  stated  tasks,  the  students  were  given  access  to  resources  such 
as  the  machine  shop  and  scientific  equipments  that  can  be  computer-controlled.  This  was 
560  to  empower  them  to  explore  and  discover  on  their  own  by  working  on  areas  in  the  project 
they  identified.  In  the  end,  each  student  made  a  unique  contribution  to  the  project  in  his 
way.  Enumerated  below  are  individual  contributions. 

4.1  Jaime  Arribas 

Being  the  first  student  to  work  on  the  research,  student  Jaime  Arribas  contributed 
565  immensely  in  bringing  the  different  equipments  online  and  ready  for  depositing  thin 
magnetic  films.  In  the  process  he  worked  on  and  had  the  diamond  saw  ready  for  cutting 
glass  substrates  for  the  deposition  of  thin  films.  After  cutting  the  glass  substrate  to  the 
desired  dimensions  of  5x5  mm  or  10x10  mm,  he  cleaned  the  substrates  for  introduction 
into  the  sputtering  deposition  system. 

570  Mr.  Arribas  took  part  in  putting  together  a  magneto-resistance  measurement  station 

and  developing  the  LabView  based  control  and  data  acquisition  software.  This  gave  him 
a  chance  to  learn  the  programming  language  that  utilizes  symbols  and  wires  to  design  a 
control  system.  To  do  that,  however,  he  needed  to  learn  the  instrument  communication 
protocols  and  explored  at  length  the  writing  and  debugging  processes.  Mr.  Arribas 
575  presented  his  work  at  the  Morgan  Innovation  Day  in  Annapolis,  MD  and  was  featured  in 
a  subsequent  Radio  interview  by  WEAA.  The  next  summer,  when  he  went  to  NASA 
summer  internship,  he  said  the  exposure  and  experience  proved  of  great  use.  He 


FINAL  REPORT_vO,  January  22,  2015 


26  of  28 


27 


attributed  his  fluency  of  the  LabView  code  he  learned  while  working  on  this  project  and 
thus  was  able  to  develop  the  requested  code  with  greater  ease  and  efficiency. 

580  He  also  paved  the  way  for  the  other  students  who  followed  him  by  providing 

guidance  and  sharing  the  challenges  he  had  and  ways  he  overcome  those  challenges. 

4.2  Dominic  Smith 

Mr.  Smith  developed  a  Python  code  for  real-time  data  visualization  and  analysis.  Just 
585  by  himself,  he  learned  the  modeling  and  computer  assisted  design  (CAD)  software  called 
SolidWork.  Using  that  modeling  package,  he  was  able  to  design  and  3D  render  the  items 
which  were  then  machined  using  the  CNC  Milling  machine  available  in  the  machine  shop. 

4.3  Keion  Howard 

Howard  was  a  very  insightful  student  who  was  able  to  improve  and  come  up  with 
590  straightforward  procedures  for  loading  the  samples  and  maintain  the  equipments  in  the 
lab.  With  his  remarkable  grasp  of  3D  positioning  and  placement  of  objects  in  the  vacuum 
chambers,  he  quickly  mastered  the  sample  transfer  from  the  load-lock  to  the  main 
chamber  and  back.  He  then  went  on  to  simplified  the  sample  transfer  task  into  a  clear 
procedural  steps,  when  followed  properly  resulted  in  very  repeatable  and  reliable  transfer 
595  of  the  sample  to  and  from  the  main  chamber.  Mr.  Howard  also  took  part  in  conducting 
liquid  nitrogen  (LN2)  temperature  VSM  measurements.  With  our  Model  10  VSM  setup, 
it  is  possible  to  go  down  to  80  K.  The  challenge  is  stabilizing  the  system  at  the  desired 
temperature  for  it  is  sensitive  to  external  factors.  Mr.  Howard  quickly  comprehended  and 
intuitively  mastered  the  intricate  details  of  operating  the  system.  With  his  patience  and 
600  systematic  approach,  he  was  able  to  perform  reproducible  measurements  of  the  highest 
quality.  Just  before  the  end  of  his  work,  he  was  able  to  deposit  trilayer  CFO/CF/CFO 
sample  on  the  DCA-450  sputtering  system  by  himself. 

4.4  impact  of  the  experience  on  the  students 

In  broader  sense,  this  first  time  introduction  and  exposure  to  research  had  great 
605  impact  on  the  students.  It  turned  out  to  be  a  learning  experience  to  the  students  in  regards 
to  the  relevance  to  the  work.  The  approach  that  we  took  was  to  get  the  students  involved 
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in  the  task  and  process  at  hand  so  that  they  were  exposed  to  the  different  equipments  and 
resources  that  are  available  in  the  lab.  At  different  times  the  focus  of  their  involvement 
was  such  that  it  provided  the  students  with  experience  on  how  research  is  conducted  from 
610  designing  an  experiment  to  preparing,  synthesizing  and  characterizing  the  samples 
followed  by  interpreting  the  results. 

In  short,  as  can  be  inferred  from  the  impact  of  this  experience  had  on  the  students,  it 
can  be  said  that  this  opportunity  demystified  working  in  a  research  facility  and  made 
research  accessible.  It  enabled  them  to  view  research  as  an  extension  of  learning  in  class 
615  and  develop  deeper  appreciation  for  research  and  make  their  unique  contribution. 
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